ABSTRACT Differences in the optimal dietary concentrations of Gly (glycine) and Ser (serine) in broiler diets may be due to levels of endogenous Gly precursors that differ in literature. Therefore, we measured the extent of the interactive effects between equivalents of Gly and Ser (Gly equi ) and the endogenous Gly precursors choline and Thr (threonine) on growth performance. A fractional central composite design included concentrations of 15-25 g/kg DM, 0.6-2.0 g/kg DM, and 6.4-10.4 g/kg DM for Gly equi , choline, and Thr, respectively, in 5 levels each. The various concentrations were achieved by adding Gly, choline chloride, and l-Thr to a basal mix. Except for 20 replicates of the central diet, all treatments were tested with 5 replicates, each with 10 birds. Food was provided for ad libitum consumption throughout the experiment. The data were evaluated using artificial neural networks. Digestibility was studied for selected diets using separate birds. Since average daily feed intake (ADFI) varied between replicates, the intake of prececal digestible Gly equi , choline, and prececal digestible Thr were more adequate independent variables than the dietary concentration of each amino acid. From d 1 to d 7, no treatment effects on G:F and average daily gain (ADG) were detected; subsequent results refer to the period from d 7 to d 21. Increasing prececal digestible Thr intake considerably decreased the need for prececal digestible Gly equi to achieve certain levels of G:F and ADG. The extent of this effect cannot be explained only by the endogenous metabolism of Thr to Gly. Since essential amino acids were present above the recommended levels, Thr probably limited performance, and excessive intake of other essential amino acids prompted a Gly-dissipating process. Choline exerted a considerable effect on the required intake of prececal digestible Gly equi and prececal digestible Thr to achieve certain levels of G:F and ADG. The results of this study partly explain the previously reported variations in response to dietary Thr, Gly, and Ser.
INTRODUCTION
Lowering the crude protein (CP) content of broiler diets is an effective tool for decreasing N emissions that are related to meat production. Maintaining an adequate concentration of essential amino acids (AA) in diets was previously shown to be a successful strategy for reducing the CP content to a limited extent without adversely affecting growth performance (Jiang et al., 2005; Dean et al., 2006) . Focusing solely on adequate concentrations of essential AA enhances the probability that nonessential AA become limiting because C 2015 Poultry Science Association Inc. Received September 25, 2014 . Accepted March 4, 2015 Presented in part at the 19 th European Symposium on Poultry Nutrition. Siegert, W., and M. Rodehutscord. 2013 . Influence of dietary choline and threonine on responses of broilers to dietary glycine. In: Proceedings of the 19 th European Symposium on Poultry Nutrition, 26-29. August 2013, Potsdam, Germany, 135. 2 Corresponding author: inst450@uni-hohenheim.de not enough metabolic precursors for the respective AA are available or because metabolic processes are too slow. Supplementing Gly as a nonessential AA in lowprotein diets has been found to enhance the growth performance of broilers (Corzo et al., 2004; Jiang et al., 2005; Dean et al., 2006) . However, different optimal dietary concentrations of Gly have been reported in the literature. This discrepancy may be due to betweenstudy differences in the levels of endogenous Gly precursors in the diets, suggesting a need to better understand and, if possible, to quantify the relevance of these precursors. Several substances can be metabolized to Gly. As the AA with the highest potential to be metabolized to Gly, on a molar basis Ser is equally effective in meeting the functions of Gly for various types of poultry (Akrabawi and Kratzer, 1968; Baker et al., 1968; Sugahara and Kandatsu, 1976) . Therefore, Dean et al. (2006) proposed to describe the physiological value of a diet by calculating the Gly equivalent (Gly equi ) as 1557 the sum of the concentration of Gly and the molar equivalent of Ser. Gly can also be metabolized from choline via the reactions choline → betaine aldehyde → betaine → dimethylglycine → sarcosine → Gly if lhomocysteine is available (Stekol et al., 1952; Soloway and Stetten Jr., 1953) . Another precursor is Thr, which can either be metabolized directly to Gly via the enzyme threonine aldolase (EC 4.1.2.5) with acetaldehyde as a byproduct (Malkin and Greenberg, 1964) or via threonine dehydrogenase (EC 1.1.1.103) with 2-amino-3-ketobutyrate as an intermediate step, which further reacts to Gly, acetyl-CoA, and aminoacetone (Davis and Austic, 1994) . Other endogenous precursors of Gly are glyoxylate, Ala (Salido et al., 2006) , and trimethyllysine; Gly is produced as a byproduct of carnitine synthesis (Hochalter and Henderson, 1976) . However, glyoxylate has no relevance in broiler feeding, and the potential quantity of Gly metabolized from trimethyllysine is low (Meléndez-Hevia et al., 2009) . Meléndez-Hevia et al. (2009) reported high potential conversion of choline to Gly in humans and rats. To our knowledge, this process has not been studied in poultry, despite the prominent role of Gly in poultry. Interactive effects between dietary Gly and Thr on growth performance in broilers have been reported by several studies (Corzo et al., 2009; Ospina-Rojas et al., 2013a, b) . However, the extent of this interaction, its relevance to diet formulation, and the possibility of an interactive effect between dietary Gly and choline remain unknown. Therefore, the objective of this study was to investigate the extent of the interactive effects among Gly equi , choline, and Thr in a growth study with broilers. Digestibility (d) at the prececal level was also measured.
MATERIALS AND METHODS
This study was conducted at the experimental station of the University of Hohenheim, Stuttgart, Germany. It was approved by the Animal Welfare Commissioner of the University in accordance with the German Welfare Legislation.
Experimental Design
A fractional central composite design according to Box et al. (1987) was used in the growth study. The factors Gly equi , choline, and Thr were each evaluated at 5 concentrations, yielding 15 treatments. Each treatment was tested in 5 pens of 10 birds each, except for the central diet, which was tested in 20 pens of 10 birds each. Each pen was considered to be one experimental unit. Concurrently, a digestibility experiment was conducted to measure nutrient digestibility using 8 pens of 15 birds each. All treatments were randomly allocated in one animal house.
Diets
The basal mixture for all diets mainly consisted of corn and casein (Table 1) . The concentration of essential AA was calculated at 110% of the recommendations of the Gesellschaft für Ernährungsphysiologie (GfE) (1999). The Met:Cys ratio was adjusted to 1.9:1 in order to induce an extra requirement for Gly equi because Ser is necessary for the synthesis of Met to Cys (Baunstein et al., 1969; Velíšek and Cejpek, 2006) . The Ser concentration was calculated to equal the Gly level of the central diet on a molar basis; this concentration was achieved by adding l-Ser. Except for the essential AA and the varying nutrients, the diets were calculated to meet the recommendations of the GfE (1999). The various levels of Gly equi in the diet (15.0, 17.5, 20.0, 22.5, and 25 .0 g/kg DM), choline (0.60, 0.95, 1.30, 1.65, and 2.00 g/kg DM), and Thr (6.4, 7.4, 8.4, 9.4, and 10 .4 g/kg DM) (Table 2) were achieved by adding Gly, choline chloride, and l-Thr to the basal mixture. Sodium bicarbonate was added with choline chloride to adjust the dietary electrolyte balance at 250 mEq/kg DM. The levels of Gly equi were chosen to cover the range of optimal Gly equi concentrations suggested in the literature. The central level of 1.30 g/kg DM choline and 8.4 g/kg DM Thr corresponds to the recommendations of the GfE (1999). The other levels of choline and Thr were chosen to cover the range of industrial diet formulations. The CP concentration of all experimental diets was adjusted by adding a premixed combination of l-Ala, l-Asp, lGlu, and l-Pro. The N contribution of each nonessential AA in this mixture was equal. Cornstarch was used to compensate for mass differences after addition of the ingredients to each diet.
For the determination of digestibility, another diet was prepared that equaled the diet from the growth experiment that was not supplemented with Gly, choline, and Thr. In this diet, 5 g/kg TiO 2 was included as an indigestible marker at the expense of cornstarch.
Feed was mixed in the certified feed mill facilities of the experimental station of the university. The basal mixture was mixed in one batch to ensure uniformity of all diets and was divided into 16 parts. Nutrients were added to vary the diet as appropriate. To prevent demixing or ingredient selection, the feed was pelleted without steam through a 1-mm die (offered until d 9) and a 3-mm die (offered thereafter).
Analyzed Thr concentrations were in close agreement with the calculated values (Table 2) . Analyzed Gly equi concentrations were slightly higher than the calculated values. For choline, the differences between analyzed and calculated values were within the range of measurement accuracy.
Animals and Housing
Day-old male broilers (Ross 308) were obtained from a local hatchery (Brüterei Süd ZN der Bwe-Brüterei Weser-Ems GmbH & Co. KG, Regenstauf, Germany). All animals were kept in pens (1.2 m × 1.5 m) on dedusted wood shavings. On d 1, birds were distributed to the pens of the growth experiment. Birds were selected to achieve an equal mean bird weight in each pen (435 ± 3.3 g/pen) and similar variance within the pens. The birds used for the determination of digestibility were distributed to achieve a mean bird weight in each pen that was similar to that in the growth experiment. During the first 2 days, lighting was continuously and the temperature was set to 34 • C. Thereafter, a lighting regimen was maintained at 18 h of light and 6 h of dark; for the following 19 d, the temperature was decreased to 19
• C by 0.5 • C per day. Illumination during the light phases was ∼100 lux. In accordance with the management practice, on d 14, all birds were vaccinated against Infectious Bronchitis and Newcastle's Disease (Poulvac ND Hitchner B 1 , Pfizer GmbH, Berlin, Germany) and on d 14 and d 15, a vitamin mix containing vitamins A, C, D 3 , and E (AD3EC flüssig, Konivet GmbH, Essen/Oldenburg, Germany) was provided through the drinking water.
Experimental Procedures
Individual BW was measured at d 7, d 14, and d 21. Feed intake was determined on the same days on a bypen basis. Dead birds were weighed, and feed consumption up to the day of a bird's removal was recorded. Birds received the pertinent experimental diet and water for ad libitum consumption throughout the experiment.
Birds in the digestibility trial received the same feed as treatment 8 (central diet with all varying nutrients at their medium level) until d 15 in order to ensure analogous physiological development in the 2 experiments. The birds then received the experimental diet. On d 20, birds were anesthetized and euthanized via CO 2 asphyxiation. Digesta samples from the distal two-thirds of the section between Meckel's diverticulum and 2 cm anterior to the ileocecocolonic junction were obtained as described by Kluth and Rodehutscord (2006) . Ileal content was pooled for the 15 birds in 1 pen, immediately frozen at −20
• C, and freeze-dried for further analysis. 
Chemical Analyses
Undried diet and freeze-dried digesta samples were ground with a vibrating disk mill (Siebtechnik GmbH, Mühlheim an der Ruhr, Germany). The official methods for nutrient analysis in Germany (Verband Deutscher Landwirtschaftlicher Untersuchungs-und Forschungsanstalten (2007)) were used for DM (no. 3.1), CP (no. 4.1.1), crude ash (no. 8.1), crude fat (no. 5.1.1), crude fiber (no. 6.1.1), starch (7.2.1), and sugar (no. 7.1.1). For Kjeldahl digestion, the Vadopest analyzing system (C. Gerhardt GmbH & Co. KG, Königswinter, Germany) was used. Laboratory procedures for the determination of AA complied with official method 994.12 of the Association of Official Analytical Chemists (1995) with small laboratory adaptions. Analyses of AA were done after oxidation in an ice bath at 0
• C for 16 h using a mixture of 10% hydrogen peroxide and 90% phenolic formic acid solution; samples were hydrolyzed under acid conditions at 110
• C for 23 h in a mixture containing hydrochloric acid and phenol plus norleucine as an external standard. Separation and detection of AA were carried out with the Biochrom 30 system (Biochrom Ltd., Cambridge, United Kingdom) with a 2-channel A/D converter on a personal computer using software for peak integration. The system separated AA with various buffer solutions with different pH. Quantitative acquisition of AA was conducted photometrically after adding ninhydrin. All AA were measured at 570 nm except for Pro, which was determined at 440 nm.
For Trp analysis, samples were saponified under alkaline conditions with barium hydroxide solution in the absence of air at 110
• C for 20 h in an autoclave. Following hydrolysis, the internal standard α-methylTrp was added to the mixture. After adjusting the pH to 3.0 and diluting with 30% methanol, Trp and the internal standard were separated by reversed-phase chromatography on a HPLC column using a Shimadzu type 20 A HPLC system with LC-Solution software (Shimadzu Corp., Kyoto, Japan). Trp concentrations were determined with a fluorescence detector at an excitation wavelength of 280 ± 5 nm and an emission wavelength of 355 ± 5 nm.
Choline analysis was carried out by LUFA-ITL GmbH (Kiel, Germany). Feed samples of 25 g were extracted in 2 N hydrochloric acid. Spores of Neurospora crassa (ATCC 9277) were incubated in a nutrient solution containing all nutrients necessary for growth except for choline. Sample extract solutions or calibration solutions were added and enabled growth of the microbial test organisms due to their choline content. The developed fungal mycelium was weighed after a predefined period of time. The weight of the fungus mycelium is proportional to the logarithm of the choline content of the sample. The choline concentration was calculated by a standard curve. One diet per choline level was analyzed to verify the calculated choline concentrations (Table 2 ). The choline concentration of the digesta samples was likely below the quantification limit of this method (0.2 g/kg DM). As a consequence, choline analysis of the digesta was not performed, and the digestibility of choline could not be determined.
Calculations
Since Ser has been found to be equally effective in meeting the functions of Gly when accounted on an equimolar basis (Baker et al., 1968; Sugahara and Kandatsu, 1976) , Gly equi was calculated according to the following equation: (1) where 0.7143 is the ratio of the molar weight between Gly and Ser.
The following equation was used to calculate prececal digestibility: (2) where TiO 2Diet , TiO 2Digesta , AA Diet , and AA Digesta are the concentrations of the marker and the respective AA in the diet and the digesta samples (g/kg DM).
Because the various concentrations of Gly equi and Thr were achieved with free AA and the digestibility of free AA was assumed to be complete, the concentrations of prececal digestible Gly equi (dGly equi ) and Thr (dThr) of the diets of treatments 1-15 were calculated according to the following equation:
where dAA i is the concentration of dGly equi or dThr in the diet of treatment i, dAA b is the concentration of dGly equi or dThr in the diet of the digestibility experiment, and Δ ib is the difference between the analyzed concentration of Gly equi or Thr in the diet of treatment i and the concentration of Gly equi or Thr in the diet of the digestibility experiment.
The daily intake of dGly equi , choline, and dThr was calculated for each pen according to the following equation:
where intake ij is the daily nutrient intake, conc i is concentration in the diet of treatment i, and ADFI j is the average daily feed intake of pen j.
Statistical Analyses
A full quadratic regression was performed with the MIXED procedure of SAS version 9.2 (SAS Institute Inc., Cary, NC), in which the following model was used: (5) where Y ijk is the level of response (G:F or ADG), dGly equi.i is the intake of dGly equi , Cho j is the intake of choline, dThr k is the intake of dThr, and b 0 is the intercept. Terms b 1 to b 3 are the linear coefficients, b 4 to b 6 the quadratic coefficients, b 7 to b 9 the 2-wayinteraction coefficients, and b 10 the 3-way-interaction coefficient; e ijk is the residual error. Model evaluation was performed using the slope between the observed and predicted values, R 2 , and root MS error. Artificial neural networks of the feed-forward, backpropagation network type implemented in Statistica 12 (StatSoft Inc., Tulsa, OK, USA) were used to evaluate the data. The structure of the network was a back-propagation network consisting of 3 layers. Three neurons of the input layer were defined by 3 independent variables: intake of dGly equi , choline, and dThr. The number of neurons in the hidden layer was determined during the process of model selection using the automatic selection algorithms integrated in the Intelligent Problem Solver module of Statistica. The architecture was optimized by the Intelligent Problem Solver on the basis of the "balance error against diversity" option. The output layer consisted of 1 neuron, as separated networks were chosen for the dependent variables G:F and ADG. For each model, the 90 lines of the dataset (14 × 5 + 20) were randomly split into a training set and a testing set consisting of 72 and 18 data lines, respectively. The training algorithm was Broyden-Fletcher-Goldfarb-Shanno according to Bishop (1995) . The MS error between the observed and predicted values of the independent variables in the training set was implemented to train the network iteratively. To prevent overtraining of the network, training was interrupted when the MS error of the testing set increased and the MS error of the training set continued to decrease. Relevance of an independent variable to model performance was calculated via global sensitivity analysis, which is implemented in the Statistica 12 software. The sensitivity value describes how the model error would increase if one independent variable were substituted by its arithmetic mean (Lou and Nakai, 2001) . The combination of the independent variables for maximum predicted response (Y max ) of G:F and ADG was calculated using a grid-search algorithm implemented in the Response Optimization function of the Statistica 12 software. Regression analyses were carried out and figures were done using GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA).
RESULTS AND DISCUSSION

Prececal Digestibility of AA and Prececal Digestible AA Concentration
Prececal digestibility of AA in the basal mixture varied from 84.6% to 96.2% for individual AA and was above 90% for most AA (Table 3 ). The high digestibility values were probably due to the high inclusion rate of free AA in the mixture. Because the calculated dietary concentration of essential AA was 110% of the GfE recommendations (1999) and because we observed high digestibility, we concluded that animals were abundantly supplied with essential AA. The digestibility values for Gly and Ser in the basal mixture were 86.5 ± 0.6% and 87.5 ± 0.5%, respectively. The consequence on the dietary dGly equi concentration in the experimental treatments is shown in Table 4 . Because Gly equi consists of 2 compounds, the relationship between analyzed and digestible concentrations was not directly proportional and can be described by the linear function: dGly equi concentration (g/kg DM) = −2.538(SE0.227) + 1.006(SE0.011) × analyzed concentration (g/kg DM) (R 2 > 0.999). Table 4 also displays the effect of the digestibility of Thr in the basal mixture (84.6 ± 0.5%) on the dietary dThr concentration in the experimental treatments. Analyzed total Thr concentrations were 1.12 g/kg DM higher than the dThr concentrations.
Nutrient Concentration and Intake
As a consequence of different ADFI, the intake of dGly equi , choline, and dThr differed between replicates (Figure 1) . Because intake more properly de- scribed the supply of nutrients to birds than the dietary concentration, the intake of dGly equi , choline, and dThr was used as an independent variable for further analysis. However, determining nutrient intake is impractical, and dietary concentrations are required for industrial applications. Therefore, regression analyses were conducted to identify the dietary nutrient concentrations that caused the measured digestible nutrient intake. The lowest dietary concentration of Thr caused a considerable decline in ADFI and severe growth Table 5 . Information and criteria of fit of the artificial neural network models for the prediction of G:F and ADG of broilers from 7 to 21 d of age based on dietary intake of dGly equi , Cho, and dThr. retardation (Figure 1 ). To take these observations into account, a nonlinear two-phase association model was implemented. Response in ADFI was apparently unaffected by the dietary Gly equi and choline levels, indicating that linear models were sufficient. Since the low intake of Gly equi and choline during treatment with the lowest Thr level was not a consequence of the levels of Gly equi or choline, those observations were excluded from the analyses of Gly equi and choline. The regression equations were: where y was the intake (mg/d) of dGly equi or dThr or the total intake of choline, and x was the dietary concentration (g/kg DM) of Gly equi , choline, or Thr.
Model Results and Evaluation
As is often done in the evaluation of central composite design models, data were assessed with a full quadratic model with interactions. According to the goodnessof-fit criteria, this model sufficiently described the response of G:F and ADG from d 7 to d 21 (data not shown). However, this model predicted declining responses in both G:F and ADG at high intake levels of dGly equi , choline, and dThr, whereas the observed responses indicated plateau values. We concluded that this model inadequately captured the relevant physiological processes. Artificial neural networks overcame this disadvantage, and thus subsequent results were generated using artificial neural networks.
Artificial neural networks identified no relationship between the intake of dGly equi , choline, and dThr and growth performance on d 7 (R 2 < 0.30 for both G:F and Table) . The survival rate was above 97% and appeared to be independent of treatment.
Model characteristics are shown in Table 5 . For G:F, a model with 15 hidden neurons, an exponential activation function between the input and the hidden layer, and a hyperbolic tangent activation function between the hidden layer and the output layer emerged as the most suitable model. For ADG, the best model fit was achieved with 9 hidden neurons, a hyperbolic tangent activation function, and an exponential activation function between the input and the hidden layer and between the hidden layer and the output layer. Accurate prediction of G:F and ADG (R 2 > 0.96) in the test set indicated good generalizability of the developed models (Lou and Nakai, 2001; Ahmadi and Golian, 2011) . The balanced coefficients of determination and root MS error between the subsets of the 2 models indicated an absence of overlearning during training (Ahmadi and Golian, 2011) . The slopes between predicted performance and residuals confirmed that predicted performance was biased to neither over-nor underprediction because these slopes were not significantly different from 0.
The relative importance of the independent variables for the predictive performance of the models was determined using global sensitivity values; intake of dThr > dGly equi > choline for both G:F and ADG (Table 6) . Thus, dThr intake was the major influence on predictive performance in both models, an outcome that was likely linked to the effect of the lowest Thr concentration on performance. Because the sensitivity value of choline intake in the G:F model was close to 1, choline intake as an independent variable had negligible effect on the predictive accuracy of the model; a sensitivity value of 1 indicates that an independent Table 6 . Global sensitivity analysis of the independent variables in the artificial neural network models for the prediction of G:F and ADG of broilers from 7 to 21 d of age.
Item
Prececal digestible Gly equi intake total Cho intake Prececal digestible Thr intake variable has no effect on the predictive performance of a model.
dGly equi and dThr with Fixed Choline Intake
When choline intake was fixed to 80 mg/d (the medium observed intake level), different levels of G:F and ADG were achieved with distinct combinations of dGly equi and dThr intake (Figure 2 ). An increase in dThr intake reduced the dGly equi intake required to achieve certain response levels. For ADG, this replacement effect was nearly linear throughout the measured Figure 2 . dGly equi intake necessary to achieve distinct levels of (a) G:F (g/g) and (b) ADG (g/d) (values at the lines) depending on the dThr intake at a Cho intake of 80 mg/d (1.36 g/kg DM) of broilers from 7 to 21 d of age. The dietary concentrations in square brackets were derived from the regressions shown in Figure 1 . range of dGly equi and dThr intake, whereas the replacement value was nonlinear for G:F. Within 1 level of G:F, lower dThr intake levels required higher dGly equi intake to achieve replacement.
The existence of interactive effects between Gly+Ser and Thr intake has often been reported. Ospina-Rojas et al. (2013a) found significant interactive effects for G:F, but not for weight gain, in 1-to-21-d-old broilers. However, the range of intake was much lower than that in the present study, with Thr concentrations of 9.4-10.9 g/kg and Gly+Ser concentrations of 18.0-22.6 g/kg of feed. Ospina-Rojas et al. (2013a) also uncovered significant interactive effects for both G:F and weight gain from d 1 to d 7, whereas no treatment effect was observed during this period in the present study. In another experiment employing a Thr range of 8.4-9.2 g/kg and a Gly+Ser range of 14.4-17.6 g/kg, Ospina-Rojas et al. (2013b) observed significant interactive effects for G:F, but not for weight gain, in broilers aged 21-35 d. In contrast, Corzo et al. (2009) found a significant interactive effect for weight gain, but not for G:F, in 21-to-42-d-old broilers with a Thr range of 7.2-8.1 g/kg and a Gly+Ser range of 16.4-17.6 g/kg. Explanations for the differences between these studies and the present investigation remain speculative. The previous studies used the simple sum of the concentrations of Gly+Ser. This strategy seems reasonable, given the analogous effect of dietary supplies of Gly and Ser (NRC, 1994) . However, since Ser has been found to be equally effective in meeting the functions of Gly when considered on an equimolar basis (Akrabawi and Kratzer, 1968; Baker et al., 1968; Sugahara and Kandatsu, 1976) , consideration of the Gly equivalent of both AA should more properly meet the physiological value of a diet than the sum of these AA. However, in the studies of Corzo et al. (2009) and Ospina-Rojas et al. (2013a, b) , as well as in the present investigation, various concentrations of Gly+Ser or Gly equi were achieved only by adding free Gly. In the literature, differences in the occurrence of significant interactive effects may arise from different nutrient ranges (in the studies of Ospina-Rojas et al. (2013a, b) , Corzo et al. (2009) , and the present study: Thr 1.5, 0.8, 0.9, and 4.3 g/kg, respectively; Gly+Ser or Gly equi 4.5, 3.2, 1.2, and 11.9 g/kg, respectively). The most evident difference among these studies is our usage of the actual intake of nutrients in the present study, whereas dietary concentrations were used as independent variables in the studies of Corzo et al. (2009) and Ospina-Rojas et al. (2013a, b) . Bernardino et al. (2011) showed that the endogenous conversion of Thr to Gly is dependent on the dietary concentration of both nutrients because increasing dietary Thr concentrations from 7 to 10 g/kg increased the activity of both threonine aldolase and threonine dehydrogenase; the augmentation of enzyme activity was lower when the dietary Gly+Ser level was increased from 16.9 to 19.8 g/kg. In the present study, parts of the replacement value of Thr to Gly equi can be explained by the enzymatic conversion of Thr to Gly via those enzymes. In both pathways, 1 molecule of Thr can be converted to 1 molecule of Gly. Given the molar weights of both molecules, the replacement value due to the endogenous conversion of 1 mass unit of Thr cannot exceed 0.63 mass units of Gly. Here, the replacement value per additional mg/d dThr was nearly linear at 3.30 mg/d dGly equi for 0.801 g/g G:F and nonlinearly decreased from ∼5.0 mg/d dGly equi for 48.2 g/d ADG. Ospina-Rojas et al. (2013a) reported a maximal G:F response at a Gly+Ser concentration of 20.8 g/kg and a Thr concentration of 9.3 g/kg, as well as no Gly+Ser effect at 10.7 g/kg Thr. Thus, the optimal concentration of Gly+Ser was below the lowest measured concentration of 18.4 g/kg with a dietary Thr concentration of 10.7 g/kg. Consequently, the replacement value of Thr for Gly+Ser was at least 2.4 g/kg Gly+Ser per 1.4 g/kg additional Thr, a value that cannot be attributed only to the endogenous conversion of Thr to Gly in the study of Ospina-Rojas et al. (2013a) .
The replacement value was most likely due to an excess supply of essential AA, the dietary concentrations of which were calculated at 110% of the GfE (1999) recommendations. If Thr limited growth performance, then the excess essential AA had to be catabolized. In poultry, ammonia released during AA catabolism is converted to uric acid in the liver. One molecule of Gly is needed to form the purine ring of 1 molecule of uric acid (Sonne et al., 1946; Bloomfield et al., 1969) . Thus, increasing the dThr intake probably reduced the amount of catabolized AA (other than Thr), thereby reducing the need for dGly equi for uric acid formation. An increase in G:F that is not proportionally accompanied by an increase in ADG indicates increased nutrient utilization (Powell et al., 2011) , which supports our hypothesis because the replacement value of dThr for dGly equi was lower at high dThr intake levels within 1 level of G:F, but nearly linear for ADG.
Influence of Choline on the Response to dGly equi and dThr
The variation of G:F in response to dGly equi and dThr intake at different choline intake levels is shown in Figure 3 . Compared to dGly equi and dThr, divergence due to choline was low but still had a considerable influence on the dGly equi and dThr intake required to achieve certain responses. At a G:F level of 0.80 g/g, the replacement value of dThr for dGly equi intake appeared to be unaffected by the choline intake level. At higher G:F levels, the replacement value was not parallel between choline intake levels. This alteration in response reflects 3-way interactions among dGly equi , choline, and dThr intake. Within the range of G:F, the shift in response to combinations of dGly equi and dThr intake was not unidirectional. Different choline and dGly equi intake levels implicated a maximum dThr intake required to achieve certain levels of G:F. Figure 4 displays the range of choline intake that caused maximum required dThr intake at different levels of G:F. The vertical lines describe the variations in choline intake that maximized the required dThr intake due to differential dGly equi intake. Higher or lower choline intake lowered the required intake of dGly equi and dThr to achieve the desired level of G:F. The arithmetic means of the measured dGly equi intake at each G:F level followed a quadratic function from 66 mg/d choline intake at 0.80 g/g G:F to 85 mg/d choline intake at 0.84 g/g G:F. Figure 5 demonstrates how different choline intake levels influence the required intake of dGly equi and dThr to achieve differential ADG. Increasing choline intake continuously reduced the required dGly equi and dThr intake to achieve a certain ADG level up to 48 g/d. The shift in required dGly equi and dThr intake due to choline intake was close to parallel, and the shift became wider as the predicted ADG level became lower. At higher ADG response, this shift was not parallel between choline intake levels. As for G:F, this alteration in response indicates 3-way interactions among dGly equi , choline, and dThr intake.
Although choline intake was lower than the intake of other independent variables, choline considerably affected the required intake of dGly equi and dThr to achieve a certain level of response for both G:F and ADG. The endogenous metabolism of choline to Gly alone cannot explain this effect, because 1 molecule of choline can be converted to 1 molecule of Gly (Soloway and Stetten Jr., 1953) . Thus, 1 mass unit of choline can explain the replacement of up to 0.54 mass units of Gly. To our knowledge, the literature lacks consideration of the interactive effect between Gly and choline examined here.
Y max and its Effect on Recommendations
Combinations of dGly equi , choline, and dThr intake were determined to cause Y max at 0.843 g/g G:F and 50.7 g/d ADG ( Table 7 ). The Y max of both G:F and ADG was achieved with high intake levels of dGly equi and dThr plus a moderate intake level of choline, probably due to the law of diminishing returns in nonlinear models. The optimum supply of animals is variable because it depends on the economic framework and performance expectations for the animal; the requirement is generally assumed to be 95% of Y max (Rodehutscord and Pack, 1999) . In the present investigation, 95% of Y max was 0.801 g/g G:F and 48.2 g/d ADG. Thus, the overall level of G:F in the experiment was high, because 95% of Y max for G:F was in the lower range of observations and 95% of Y max for ADG was in the medium range of observations. Because expressing requirements as dietary concentrations rather than total intake is more suitable for feed formulation, the following calculation was derived using the regression equations described in Figure 1 . Combinations of dietary Gly equi , choline, and Thr used to achieve 95% of Y max for G:F and ADG are presented in Figure 6 . Irrespective of the dietary choline level, 95% of Y max in G:F and ADG were achieved with different concentrations of Gly equi and Thr, confirming that the choice of response criteria has a large influence on the derivation of recommendations (Rodehutscord and Pack, 1999) . Figure 6 also demonstrates the influence of dietary Gly equi , choline, and Thr on each other when the requirement for one of those nutrients is derived singly.
The required dietary Gly equi concentration depended on the dietary Thr concentration at a medium choline concentration of 1.36 g/kg DM, which corresponds approximately to the GfE recommendations (1999) for choline. This concentration followed the exponential functions within the range of 6.9-7.7 g/kg DM and 7.7-9.1 g/kg DM dietary Thr for G:F and ADG, respectively. This shows that the replacement value of Gly equi to Thr was not a constant. As an example: Increasing the dietary Thr concentration at a G:F level of 0.801 g/g by 0.1 g/kg DM from 6.9 to 7.0 g/kg DM or from 7.6 to 7.7 g/kg DM replaced 0.79 and 0.48 g/kg DM of dietary Gly equi , respectively. Accordingly, at an ADG 48.2 g/d increasing the Thr concentration by 0.1 g/kg DM from 7.7 to 7.8 g/kg DM and from 9.0 to 9.1 g/kg DM replaced 0.72 and 0.49 g/kg of dietary Gly equi , respectively. We conclude that these results partly explain the previously reported variation in growth performance responses to both dietary Thr and dietary Gly and Ser. The extent of the replacement effect of dietary Thr and choline to Gly and Ser depends on the respective concentrations and appears to be related to the overall level of essential AA. Further studies should take Gly equi , choline, and Thr into consideration when determining the requirements for these nutrients.
SUPPLEMENTARY DATA
Supplemental Table. Dataset used for the evaluation with artificial neural networks.
